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Abstract 
This report assesses the potential of gyroscopes and accelerometers based on cold atom 
interferometry (CAI) for space and defence applications, by analysing their strengths and 
weaknesses in comparison with devices based on other working principles. Indeed, it is 
widely recognized that quantum sensors based on atomic interferometry provide absolute 
measurements with the potential for high sensitivity and long-term stability. This last 
property is particularly valuable for accelerometers and gyroscopes to be used for inertial 
navigation, since it guarantees precise positioning without the need for frequent 
recalibrations, a shortcoming which affects several devices presently in use.  
High-performance inertial sensors play an important role both in space applications, 
where gyroscopes are widely used e.g. to orientate a satellite and its on-board 
communications and sensing equipment, and in defence, where gyroscopes and 
accelerometers constitute the core of the inertial measurement units to be used for 
autonomous navigation, e.g. in GNSS-denied conditions. The EU has a well-established 
role in space with the Copernicus and Galileo programmes, and a fledging but increasing 
involvement in the defence industry. An independent assessment of a quantum 
technology such as cold atom interferometry which may in time acquire a significant role 
in these fields is a precondition to advance well-grounded suggestions for EU policy 
initiatives. 
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1 Introduction 
As explained in our scientific background report on cold atom interferometry1, an atom 
can be considered to be “cold” when its thermal velocity has been reduced to such an 
extent that it becomes possible to interact with it in a manner that makes its quantum 
properties accessible and exploitable for a targeted application. Cooling an atom requires 
a confining magnetic field and a set of counter-propagating laser beams, conveniently 
arranged to constitute a magneto-optical trap (MOT). The slowing down of a trapped 
atom from its room-temperature speed is accomplished via laser cooling, which is a 
repeated interaction between the atom and suitably tuned laser beams. Such beams 
progressively reduce the atom momentum, because each laser photon interacting with 
the atom transmits to it a small momentum kick which reduces its velocity. After a 
suitably cooled (usually down to the µK range) atom has emerged from the MOT it is 
acted upon in such a way to implement the desired application. Typically, this involves 
using again carefully crafted laser beams which initialize, manipulate, and interrogate the 
wavefunction describing the atomic quantum state.  
In cold atom interferometry (CAI) the phase of the atomic wavefunction plays a 
fundamental role. Indeed, CAI-based sensors rely on the capability of controlling the 
wave nature of an atom to build an interferometer that allows the accurate measurement 
of an atomic phase difference, which is determined by the different trajectories followed 
by the atom inside the interferometer. Since these trajectories are influenced by inertial 
effects, the system can be designed as an accurate inertial probe, to provide absolute 
measurements of rotation rate and acceleration. Because of its sensitivity and long term 
stability, CAI-based quantum sensing offer relevant advantages for accelerometers and 
gyroscopes to be used for inertial guidance. However, although several laboratory 
prototypes have been developed, major obstacles remain for their actual use in the field.  
In this report we assess the potential of gyroscopes and accelerometers based on cold 
atom interferometry for space and defence applications, by analysing their strengths and 
weaknesses in comparison with devices exploiting other working principles. A distinctive 
advantage of quantum inertial sensors based on CAI is that the sensing elements are 
single atoms, which have a very well-defined mass that remains unaltered over time. As 
a consequence, atomic inertial properties remain stable over time: if properly exploited, 
this characteristic makes inertial sensors based on atomic interferometry immune from 
drifts, therefore eliminating any need for periodic recalibrations. A second advantage is 
that they measure absolute values of acceleration and rotation rate and not variations 
with respect to reference values. At the present development level, however, these 
assets come at the cost of high cost, size, weight, and power footprint, since leveraging 
the physical working principles of cold atom interferometry require complex enabling 
technologies (vacuum systems, lasers and optical systems, control electronics, etc.), 
whose progress constitutes a key factor for the development of field-deployable inertial 
sensors.  
It is therefore expected that the first use-cases for CAI inertial sensors will be found in 
very specialized high-end applications, where new technologies are likely to be adopted if 
their particular performance mix provides a way to address issues which can’t be solved 
by any other means. Metrological problems and tests of fundamental physical theories 
which require level of precision otherwise unattainable are, with every probability, the 
first fields where CAI-based sensors will be employed. Defence and space constitute two 
more sectors where matter-wave gyroscopes and accelerometers have reasonable 
chances of being adopted, provided they reach the level of technological maturity 
necessary for employment in harsh environments and that their field performances 
surpass those of the several competing technologies which are being used and are 
continuously progressing. 
                                           
1 M. Travagnin, Cold atom interferometry sensors: physics and technologies. A scientific background for EU 
policymaking, 2020, EUR 30289 EN, ISBN 978-92-76-20405-3, doi:10.2760/315209, JRC121223.  
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In this report we describe the development status of quantum inertial sensors based on 
cold atom interferometry, and identify possible applications in space and defence. Having 
provided a brief overview of the technology (Section 2), we summarize for comparison 
technologies based on different working principles (Section 3), and provide a market 
analysis for high-end inertial sensors (Section 4). Space and defence applications of 
inertial sensors will then be presented, respectively in Section 5 and Section 6. The 
military relevance of inertial sensors makes them dual-use items, and the issue of export 
controls will be examined in Section 7. Some suggestions for policy initiatives will finally 
be presented with our main conclusions in Section 8. 
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2 Technology overview 
The fundamental argument that triggered the development of matter-wave sensors is 
that an atomic interferometer can, in principle, have sensitivity several orders of 
magnitude higher than that of an optical one with similar dimensions2,3. A second 
important argument is that in CAI-based inertial sensors such as gyroscopes and 
accelerometers the only moving parts are atoms, whose inertial properties are 
guaranteed to remain unaltered over time. This should provide a better long-term 
stability with respect to sensors based on the movement of macroscopic systems (e.g. 
springs) whose dynamical properties change because of the unavoidable use-induced 
wear and tear, thus causing in their measurements a drift that must be counteracted by 
frequent recalibrations. Indeed, since the signal coming from inertial sensors must be 
integrated either once (to derive the object orientation from the rotational rate measured 
by gyroscopes) or twice (to obtain the travelled distance from the accelerometers 
reading), any drift in the sensors generates an error which quickly increases with time, 
making meaningless the calculated position. In addition to a reduced drift, inertial 
sensors based on CAI provide an absolute measure of linear acceleration and of rotation 
rate, and not an evaluation of their variation with respect to a reference value: also this 
property compares favourably with other techniques.  
On the other side, sensors to be used for inertial navigation have particularly demanding 
requests in terms of dynamical range, bandwidth, repetition rate, portability, reliability, 
survivability, et al., which have not yet been matched by CAI developers. While 
commercial gravimeters and gravity gradiometers based on CAI and to be used in the 
field are starting to be commercially available, only proof of principle demonstrations 
have until now been done, mostly in laboratory environments, for CAI-based gyroscopes 
and accelerometers. Fig. 1 shows two laboratory-scale implementations of CAI-based 
based inertial sensors, while Fig. 2 and Fig. 3 give some examples of more compact 
embodiments, respectively for a gyroscope and an accelerometer. All of these devices 
exploit cold atoms, laser-cooled to a temperature in the ~µK range.  
     
Fig. 1: Laboratory scale gyroscope and accelerometer based on cold atom interferometry. The examples are 
taken from the Stanford Center for Position, Navigation and Time. 
                                           
2 “High-accuracy inertial measurements with cold-atom sensors”, R. Geiger, A. Landragin, S. Merlet, and F. 
Pereira Dos Santos, AVS Quantum Sci. 2, 024702 2020; https://avs.scitation.org/doi/10.1116/5.0009093 
 
3 “Mobile and remote inertial sensing with atom interferometers”, B. Barrett, P.-A. Gominet, E. Cantin, L. 
Antoni-Micollier, A. Bertoldi, 188th Course of International School of Physics 'Enrico Fermi', Proc. Int. Sch. Phys. 
E. Fermi, 188, 493-555, 2014; https://arxiv.org/pdf/1311.7033.pdf 
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Fig. 2: State-of-the-art compact CAI gyroscopes, respectively by AOsense (left) and Syrte (right). 
  
Fig. 3: State-of-the art compact CAI accelerometers, respectively by M squared (left) and iXBlue (right). 
Fig. 4 provides a scheme for a millimetre-scale atomic chip. Although chip-scale atomic 
interferometers have actually been realized, a full integration of all the necessary 
functions is still seen as a long-term challenge. In addition, to reach and even surpass 
the metrological capabilities of the intermediate scale devices shown in Fig. 2 and Fig. 3, 
very advanced techniques are required to master the necessary physics, which may 
include using Bose-Einstein condensates of ultra-cold atoms (T~10-9 K), see the final part 
of Section 5. As a consequence, their use is at the moment mostly confined in laboratory 
environments, for high-end scientific purposes. It is however generally acknowledged 
that a full-fledged highly-integrated CAI chip would represent the tipping point which 
would enable a wide range of applications, and a vibrant research community is working 
in this direction.   
    
Fig. 4: A futuristic visions of highly integrated atom chips4. A single substrate (grey shading) holds all the light 
sources (yellow), atom sources (purple), photonics, and micro-magnetic traps.  
                                           
4 “Fifteen years of cold matter on the atom chip: promise, realizations, and prospects”, M. Keil et al., Journal of 
Modern Optics, Vol. 63, N. 18, 1840-1885, 2016; https://doi.org/10.1080/09500340.2016.1178820 
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Although interest on the use of Bose-Einstein Condensates for inertial sensors has 
already been demonstrated5, the timescale for the realization of deployable inertial 
navigation sensors based on ultra-cold atoms is, with every probability, much longer than 
10 years. However, also the difficulties of taking the presently available compact cold-
atom prototypes to an in-field capability stage must not be underestimated: as we have 
shown in a previous publication (JRC Technical Report 30289, 2020, see footnote 1) 
several trade-offs must be negotiated and formidable technological challenges overcome. 
Although the first atomic wave interferometers were realized in the 1990s, and several 
research groups around the world launched the development of compact portable atom 
interferometers around 20 years ago, until now only proof-of-principle demonstrations 
have been obtained for inertial navigation sensors.  
As shown in Table 1, CAI-based gyroscopes are starting to reach sensitivity and stability 
performances at the level of their competitors. However, any comparison between 
inertial sensors based on different working principles must take into account an 
extremely wide range of properties (not only stability and sensitivity, but also bandwidth, 
dynamical range, survivability, rejection of external disturbances, dimensions, weight, 
power consumption, cost, etc.) whose relative weight strongly depend on the specific 
application being targeted. Presently, the overall performance mix of CAI-based 
accelerometers and gyroscopes is still far from reaching a level that would warrant real-
world applications.  
 
 
Table 1: Comparison among the performances of rotation sensors based on different working principles6. 
                                           
5  Bose-Einstein Interferometry and its Applications to Precision Undersea Navigation, 2008 IEEE/ION Position, 
Location and Navigation Symposium, https://ieeexplore.ieee.org/document/4570036 
 
6 “Compact chip-scale guided cold atom gyrometers for inertial navigation: Enabling technologies and design 
study”, Carlos L. Garrido Alzar, AVS Quantum Sci. 1, 014702, 2019 
https://avs.scitation.org/doi/10.1116/1.5120348 
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3 Competitive techniques 
Several different working principles have been leveraged to build high-end 
accelerometers and gyroscopes. A global overview is given in Fig. 5, where the meaning 
of the most often encountered acronyms is also explained.  
    
Fig. 5: Main working principles used to build high-end accelerometers (left) and gyroscopes (right). PIGA: 
Pendulous Integrating Gyroscopic Accelerometer; MEMS: Micro Electro Mechanical Systems; ESG: Electric 
Suspension Gyroscope; DTG: Dynamically Tuned Gyroscope; HRG: Hemispherical Resonator Gyroscope; RLG: 
Ring Laser Gyroscope; FOG: Fibre Optical Gyroscope, sometimes referred to also as IFOG (Interferometric Fibre 
Optical Gyroscope). 
For a first rough comparison between inertial sensors a widely employed approach 
assumes a linear relation between the sensor input and its output, and considers the 
height of the line (bias), its slope (scale factor), and the random variations of the actual 
signal around its idealized behaviour (noise), see Fig. 6. Following this approach, a first 
quality assessment of a high-end instrument takes into account bias stability, scale factor 
stability, and noise properties. As noted above, in inertial navigation systems, integration 
of the inertia sensor’s output means that any errors due to bias and scale factor drift will 
accumulate, ultimately rendering the speed and position readings meaningless. Some 
laboratory implementations of CAI-based inertial sensors have shown bias stability and 
scale factor stability comparable to those of their best competitors employing other 
technologies, and in some cases they have even outperformed them. It must be 
acknowledged however that CAI devices have not yet reached the technological maturity 
level necessary to undergo the thorough testing procedures specified by industrial 
standards their competitors have undergone, so any claim about their performances 
must be taken with a pinch of salt.  
 
Fig. 6: The basic parameters used to assess the quality of a high-end gyroscope are its bias stability and its 
scale factor stability, while the noise affecting the signal is measured by the so-called angle random walk. 
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It should also be considered that, alongside stability, other important characteristics of 
inertial sensors are their dynamical range, bandwidth, and repetition rate. For a detailed 
analysis of how the working principles enabling CAI inertial sensors impact on these 
properties, the reader is referred to our JRC Technical Report 30289, 2020. Only a brief 
recap will be given here.  
The dynamical range is the interval of values which a sensor can measure without 
ambiguities. CAI sensors have a limited dynamical range, because their output is a 
sinusoid with a period corresponding to an extremely small signal. The bandwidth 
measures the ability of an instrument to capture a fast signal: indeed, roughly speaking, 
the inverse of the bandwidth is the time needed to perform a single measurement. A 
large bandwidth means that even rapidly varying signals can be measured reliably, while 
a fast signal risks being averaged out if the instrument bandwidth is not large enough. In 
CAI sensors the sensitivity increases with the measurement time (i.e. the time spent by 
the atoms inside the interferometer), and thus there is an unavoidable tradeoff between 
bandwidth and sensitivity. The repetition rate measures how many distinct 
measurements can be performed in the unit time. If you can execute a new 
measurement immediately after the previous one, then the repetition rate is uniquely 
determined by the bandwidth, and a “fast” instrument (i.e. with a large bandwidth) will 
also have a high repetition rate. But in CAI sensors it is not possible to perform two 
measurements immediately one after the other: there is a so-called “dead time” because 
a new cloud of atoms must be cooled and initialized before being launched in the 
interferometer for the actual measurement process. This dead time slows down the 
repetition rate, and even a large bandwidth CAI sensor may have a low repetition rate, 
e.g. if the atomic preparation step takes long time. To summarize, CAI-based sensors 
have presently several limitations which at the moment prevent their use to detect 
signals with large and rapid dynamics, and which need to be sampled very frequently, as 
happens with acceleration and rotation rate met in navigation. Several techniques are 
being developed to address these issues and CAI-based instrument are steadily 
progressing even with regards to dynamical range, bandwidth, and repetition rate. 
Leaving for the moment aside these issues, in the following graphs we show how CAI-
based inertial sensors compare with high-end available competitors with regards to 
stability and noise properties7. Low-cost inertial sensors to be used in consumer 
electronics will not be included in our comparisons: as general rule, their typical 
applications areas (smartphones, game consoles, virtual reality sets) do not require high 
stability and low noise, and conversely impose strict constraints on parameters such as 
dimensions, weight, power consumption and cost, which CAI-based instruments are 
unlikely to ever meet.  
Fig. 7 shows a chart representing the bias stability and the scale factor stability of the 
main types of high-performance accelerometers presently available, divided according to 
their underlying working principles. From the data reported in the caption, we can see 
that some laboratory-scale CAI accelerometers are capable of stability performances far 
outstripping the ones achievable by available technologies. A graph showing the bias 
stability and the scale factor stability of the main types of high-performance gyroscopes, 
divided according their underlying working principles, is presented in Fig. 8. As can be 
seen in the chart, in order of increasing stability we have micro electro mechanical 
system angular rate sensors (MEMS ARS), fibre optic gyroscopes (FOG), ring laser 
gyroscopes (RLG), and mechanical gyros which are typically based on the Coriolis effect. 
Cold atom gyroscopes, even in the best laboratory-scale implementation, have not yet 
surpassed the stability characteristics of mechanical gyros. Ring laser gyroscopes are 
typically used in inertial measurement units (IMU) classed as strategic-grade, which are 
typically deployed in submarines, large warships such as aircraft carriers, and 
intercontinental ballistic missiles. 
                                           
7 G. T. Schmidt. INS/GPS Technology Trends. NATO. USA: Massachusetts Institute of Technology. Lexington, 
RTO-EN-SET-116, 2011. 
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Fig. 7: Stability performance of accelerometers, divided along their underlying working principles. The red circle 
indicating CAI-based gyroscopes refers to laboratory-scale implementations, such as those shown in Fig. 3. 
 
Fig. 8: Stability performance of gyroscopes, divided along their underlying working principles. In this figure, 
HRGs fall under the “mechanical gyros” label. The red circle indicating CAI-based gyroscopes refers to 
laboratory-scale implementations, such as those shown in Fig. 2. 
We recall that an IMU is composed of a combination of three accelerometers and three 
gyroscopes, orientated in such a way that all the components of linear acceleration and 
of angular velocity can be measured, see the right side of Fig. 9.  Sometimes also north-
detecting magnetometers are included in an IMU. The IMU by itself however does not 
provide any kind of navigation solution, and operates just as a sensing unit. It is the 
Inertial Navigation System (INS) which integrates the measurements of its internal IMU 
to provide a navigation solution. An INS uses an IMU to form a self-contained navigation 
system which uses measurements provided by the IMU to track the position, velocity, 
and orientation of an object relative to a starting point, orientation, and velocity.  
 
CAI 
CAI 
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Fig. 9: Basic layout of an Inertial Measurement Unit. Left: gimballed. Right: strapdown.  
As shown in Fig. 9, an IMU can be gimballed or strapdown. The gimbals are a set of 
rings, with bearings which let the platform keep the same orientation while the vehicle 
rotates around it. In a gimballed system, the vehicle's roll, pitch and yaw angles are 
measured directly at the bearings of the gimbals. Relatively simple electronic circuits can 
be used to add up the linear accelerations, because the directions of the linear 
accelerometers do not change. However, this scheme is delicate and expensive, since it 
uses many precision mechanical parts. In a strapdown set-up sensors are simply 
strapped to the vehicle. Strapdown systems have been made possible by lightweight 
digital computers, and are nowadays commonly used in commercial and military 
applications (aircraft, ships, missiles, etc.). State-of-the-art strapdown systems are 
typically based on ring laser gyroscopes, fibre optic gyroscopes or hemispherical 
resonator gyroscopes, use powerful digital electronics and advanced digital filtering 
techniques such as Kalman filter. It should be noted that a strapdown system must 
integrate the vehicle's attitude changes in pitch, roll and yaw, as well as its gross 
movements, and therefore needs more complex software and much faster sensors: while 
gimballed systems could usually do well with update rates of 50–60 Hz, strapdown 
systems normally update about 2000 Hz.  
 
In the following Table 2 a summary of IMU classification according to their performance is 
presented. 
 
Table 2: Comparison among the main kinds of IMU, divided according to their performance grade8. 
                                           
8 “Inertial sensors technologies for navigation applications: state of the art and future trends”, Naser El-Sheimy 
and Ahmed Youssef, Satellite Navigation, Vol. 1, N. 2, 2020 
https://link.springer.com/article/10.1186/s43020-019-0001-5 
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Fig. 10 shows how current research in mems-based gyros is working on devices which 
are approaching navigation-grade performance. Some laboratory scale CAI gyroscopes 
would appear in this chart as performing better than the best available strategic-grade 
ones. 
 
 
 
Fig. 10: Angle random walk and bias stability for different gyros9. The red circle indicating CAI-based gyros 
refers to laboratory-scale implementations (see Fig.  2). 
 
                                           
9 “Modern Navigation Systems”, Course EE45, Lecture 14, Embry Riddle Aeronautical University, 
https://slideplayer.com/slide/13907175/  
CAI 
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4 Market analysis 
Several analyses which try to quantify the size of the commercial market for high 
performing inertial navigation sensors have been published. As a preliminary remark, we 
emphasise that although the figures are generally in broad agreement, the results 
published by different studies may deviate with respect to each other, depending on the 
adopted methodologies. The data presented in this section are therefore intended to 
represent only rough assessments of general trends. 
In Fig. 11 we present an example of the high-end market technology breakdown, which 
shows that the gyroscope business is substantially larger than the accelerometer one (in 
2014, $1.37 billion versus $173 million). For gyroscopes, the main market contributors 
are ring laser gyroscopes, fibre optic gyroscopes, mems devices, and mechanical gyros; 
the main technologies for the accelerometer market are mems and electromechanical.  
We emphasize that both for gyroscopes and accelerometers any market analysis will 
unavoidably fail to capture the extreme diversity of the research efforts which are being 
carried on, with tens of other possible working principles being investigated, at various 
level of technology maturity. We also note that some technologies are likely to be 
underrepresented in a commercial market analysis, either because they do not follow a 
public procurement path (which is often the case for defence applications) or because 
they are extremely specialized customized solution where the customer or the public 
sector contribute to the high development costs (as sometimes happens in space 
applications).  
 
Fig. 11: Market technology breakdown. HRG is the Coriolis-based Hemispherical Resonator Gyro, while DTG 
indicates the dynamically tuned gyroscope, a particular kind of mechanical device10.  
The rapid technological progress of mems-based inertial sensors has been noticed by 
several market analysts, and it is generally agreed that their market share will noticeably 
increase. This in turn will push higher-end technologies such as FOG, RLG, and HRG to 
further increase their performances, thus reducing the available space for atomic 
gyroscopes, as shown in Fig. 12. Note that in market analyses the label “atom” includes 
all gyroscopes which working principle exploits atomic or nuclear properties, and not 
specifically matter-wave interferometry. A noticeable example is the nuclear magnetic 
resonance (NMR) gyroscope, which detects rotation as a shift in the Larmor precession 
frequency of a nuclear spin. NMR gyroscopes have been investigated since the late 1970s 
and have reached a high level of technological maturity, with performances similar to the 
ones of the best FOG and RLG. Until now, they have failed to attain a significant 
commercial success because of their cost and technical complexity, but recent advances 
in chip-scale NMR gyroscopes may change the state of play.  
                                           
10 “High-End Gyroscopes, Accelerometers and IMUs for Defense, Aerospace & Industrial” Yole Développement 
Report, February 2015; http://www.yole.fr/HIGH-END-INERTIAL-2015.aspx#.Xoyo9hRS_mE 
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Fig. 12: Short term technological evolution of gyroscopes11 
Market forecasts for inertial sensors are generally upbeat.  
In a 2016 report by Markets&Markets we read that “the accelerometer and gyroscope 
market is expected to reach USD 3.50 Billion by 2022. The high-end market is expected 
to reach USD 2.07 Billion by 2022 from USD 1.59 Billion in 2015. Continuously increasing 
defence expenditure globally majorly drives the high-end market”12.  
A 2019 report by MordorIntelligence writes that “The gyroscopes market was valued at 
USD 2232.56 million in 2019, and is expected to reach a value of USD 2896.86 million by 
2025, at a CAGR of 4.44% during the forecast period, 2020-2025. The gyroscope 
technology has witnessed a huge amount of innovation in the last decade, with the 
introduction of MEMS-based gyroscopes”13.  
A Yole Dévelopment report, published in 2015, shows a stable increasing trend in the 
market for accelerometers, gyroscopes, and inertial measurement units, see Fig. 13. 
 
Fig. 13: A market forecast for IMU, accelerometers and gyroscopes, as presented in 201514. 
                                           
11 “High-End Inertial Sensors for Defense, Aerospace & Industrial Applications” Market and Technology Report 
2020, Yole Développement, February 2020; https://www.i-micronews.com/products/high-end-inertial-sensors-
for-defense-aerospace-and-industrial-applications-
2020/?utm_source=PR&utm_medium=email&utm_campaign=PR-High-End-Inertial-
Sensors_YOLEGROUP%20_March2020 
  
12 https://www.marketsandmarkets.com/Market-Reports/accelerometer-gyroscope-market-205126447.html 
 
13 https://www.mordorintelligence.com/industry-reports/global-gyroscopes-market-industry 
 
14 “High-End Gyroscopes, Accelerometers and IMUs for Defense, Aerospace & Industrial”, Yole Développement 
Report, February 2015;  
https://www.slideshare.net/Yole_Developpement/yole-high-endgyrojanuary2015sample 
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An update on the total high-end inertial industry published in 202015 distinguishes four 
different application areas of similar market size, namely (a) industrial (b) commercial 
naval (c) commercial aerospace and (d) defence & military, see Fig. 14. The total high-
end market (which includes accelerometers, gyroscopes, and inertial measurement units) 
was valued $3.4 billion in 2019, and is forecasted to grow to $4.26 billion by 2025.  
 
Fig. 14: Total high-end inertial industry: market shares of the main applications areas. 
Reported examples of applications in the industrial area are agriculture, autonomous 
underwater vehicles, high speed trains, inclinometers, oil drilling heads, remotely 
operated vehicles, sat-com antenna stabilization, stabilization of optical systems, survey 
instruments, unmanned ground vehicles, vibration monitoring, etc. The commercial naval 
area includes all types of freight transport and passenger ships. With commercial 
aerospace it is intended business jets, civil aircraft, civil helicopters, civil and paramilitary 
unmanned aerial vehicles, general aviation, satellites, spacecraft and rockets, etc. In the 
defence field we have warships, transport aircraft, military unmanned aerial vehicles, 
guided munitions, light armoured vehicles, artillery guns, multi activity vehicles, tanks, 
military and special mission helicopters, military fighters, military submarines, nuclear 
missiles, short, medium, and long range missiles, etc. 
In Fig. 15 we show where the main manufactures are located: it can be seen that players 
from the USA enjoy the largest share of the total market, with Europe and Middle East a 
distant second. In Fig. 16 the revenues of the main players are detailed. 
A non-comprehensive list of the main European players comprehends Safran (FR), Thales 
(FR), IxBlue (FR), Silicon Sensing (UK), Sensonor (Norway), Civitanavi (IT), Innalabs 
(Ireland), TDK-Tronics (FR, recently acquired by TDK Japan),  Cielo (Israel and USA), 
Israel Aerospace Industries IAI (Israel), SBG Systems (FR), GEM Elettronica (Italy), Elbit 
Systems (Israel),  Konsberg (Norway), Imar (Germany). It is worth noting that some of 
these companies are involved in public support programs for certain research initiatives, 
including on quantum technologies. To give an example, IMAR was funded by the 
German Federal Ministry for Economic Affairs and Energy for the “Development of a 
quantum inertial sensor system” (Joint project QGYRO), and will be receiving EUR 417k 
in 2019-202216. According to the same source, Beihang University (China) will be 
receiving from the National Science Foundation of China (NSFC) USD 575k in 2020-2024 
to develop “Quantum precision inertial measurement and navigation technology”17. 
                                                                                                                                    
 
15 “High-End Inertial Sensors for Defense, Aerospace and Industrial Applications 2020”, Yole Développement 
Report, February 2020, https://www.systemplus.fr/high-end-inertial-sensors-at-the-dawn-of-a-mass-adoption/ 
 
16 https://app.dimensions.ai/details/grant/grant.8635619 
 
17 https://app.dimensions.ai/details/grant/grant.8947538 
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Fig. 15: Revenues of the main providers of high-end inertial sensors, divided by geographical areas.   
 
Fig. 16: Revenues of the main providers of high-end inertial sensors, including stand-alone accelerometers, 
gyroscopes, inertial measurement units and inertial navigation systems. 
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5 Space applications 
Guidance, navigation and control systems in space-crafts require gyroscopes as the 
sensing elements which provide the signals necessary to maintain the satellite orientation 
in flight even in case of disturbances due to on-board movements (e.g. rotation of an on-
board telescope), to gravitational perturbations (e.g. terrestrial tides), and to non-
gravitational effects (e.g. radiation pressure). Gyroscopes allow determining the angular 
motion of a satellite in space, and their signals are elaborated by an attitude and orbital 
control system (AOCS) which drives the actuators in charge of the mass rebalancing 
needed to reach and maintain the desired orientation. Gyroscopes therefore constitute 
essential sensing elements for the complex loop which controls and stabilizes a satellite 
attitude.  
Depending on the required attitude accuracy, different kinds of gyroscopes can be used 
in satellites. The most commonly found are gyroscopes based on mems, on fibre optics 
interferometry, and on the Coriolis effect. For example, the Leonardo Sireus mems gyro 
(Fig. 17) is being used in the two Copernicus Sentinel 3 satellites, the Airbus Astrix 
(Fig. 18) in the two Sentinel 2 Copernicus satellites and in the Galileo GNSS constellation, 
while the Northrop Grumman Hemispherical Resonator Gyro Siru (Fig. 19) is a workhorse 
which since 1996 has been deployed in ~100 satellites and has accumulated 16 million 
hours of service without failures. Safran also offers a HRG for Attitude and Orbital Control 
Systems, named Regys 20. 
In space applications which require extremely high accuracy mechanical gyroscopes are 
sometimes employed, but the limited lifetime of some of their components constitutes a 
severe limitation and sometimes constitutes a no-go. To give an example, the Hubble 
telescope mounted upon launching (1990) six gas-bearing mechanical gyroscopes, of 
which three were spares. Gas bearings guarantee extremely low friction, but have limited 
lifetime. As a consequence, four gyros needed to be replaced in 1993, then all six gyros 
were replaced in 1999, and then again during the last servicing mission in May 200918. 
This evidences an opportunity for space-based CAI gyroscopes, given that their 
sensitivity and long-term stability is imprinted in their working principle without 
necessarily involving lifetime-reducing wear-and-tear effects. Other phenomena e.g. in 
the electronics and in the laser systems can however limit their lifetime, and the 
technology must mature to ensure that size, weight and power constraints can be met. 
 
Fig. 17: Leonardo Sireus19. 0.7Kg, 5W, 100x100x70mm. Bias stability 10°/hr, scale factor stability 2000ppm. 
                                           
18 https://www.nasa.gov/mission_pages/hubble/servicing/SM4/main/Gyro_FS_HTML.html 
 
19 “The Qualification and Market Entry of the SiREUS MEMS Coarse Rate Sensor for Space Mission Applications”, 
Mark Hartree, Jim Robertson, Patrick Hutton, Hannah Crowle, Dick Durrant, Daniele Temperanza, 7th ESA 
Round Table on MNT for Space Applications, 2010 
 
 
18 
 
 
 
Fig. 18: Airbus iX-Blue Astrix 20020. 12Kg, 20W, 300x150x150mm and 330x280mm. Bias stability: 0.0005°/hr, 
scale factor stability: 30ppm. The measurements frequency can reach 100Hz.  
  
Fig. 19. Left: Northrop Grumman Siru. Its main specs21 are 7Kg, 40W, 300x200x150mm. Bias stability: 
0.0005°/hr, scale factor stability: 5ppm. Right: Safran Regys 20 HRG22.   
Contrary to gyroscopes, accelerometers are deployed in satellites only for very specific 
purposes determined by the scope of the mission. To make an example, Galileo satellites 
of the current generation do not have on-board accelerometers, but the idea is being 
considered of deploying them in the next generation, to improve satellite positioning and 
therefore contribute to Precise Orbit Determination23. It is known indeed that several 
gravitational and non-gravitational perturbations affect the satellites orbit. Such 
perturbations are usually corrected via a physical model of the phenomenon, an approach 
which works reasonably well with gravitational perturbations such as those due to earth 
oblateness, the pull of moon, sun, tides, etc. Conversely, non-gravitational perturbations 
are generally much more difficult to capture in a physical model, since they usually vary 
                                           
20 https://spaceequipment.airbusdefenceandspace.com/avionics/fiber-optic-gyroscopes/astrix-200/ 
 
21https://news.northropgrumman.com/internal_redirect/cms.ipressroom.com.s3.amazonaws.com/295/files/201
66/SIRU_Family.pdf  
 
22 “HRG by SAFRAN – The game-changing technology”, 2018 IEEE International Symposium on Inertial Sensors 
and Systems, 2018; https://ieeexplore.ieee.org/document/8358163 
 
23 “Non-gravitational accelerations measurements by means of an on-board accelerometer for the Second 
Generation Galileo Global Navigation Satellite System”, David M. Lucchesi, Francesco Santoli, Roberto Peron, 
Emiliano Fiorenza, Carlo Lefevre, Marco Lucente, Carmelo Magnafico, Valerio A. Iafolla, Maciej Kalarus, Janusz 
Zielinski, IEEE Metrology for Aerospace Conference, 2016; https://ieeexplore.ieee.org/document/7573253 
 
 
 
19 
 
on faster time scales and in addition depend on the satellite configuration and attitude. 
Examples of non-gravitational perturbations are those induced on the satellite by solar 
radiation pressure, Earth albedo, power radiated by antennas, thermal effects on solar 
panels, etc. Deploying on the satellite a three-axis accelerometer in addition to its 
gyroscopes would allow measuring the actual satellite motion, and therefore obtain more 
precisely its position. This perfectly fits in the core mission scope of Galileo, and 
additionally would allow gathering a rich mass of scientific data.  
A proposal has been advanced to use for this aim the Italian Spring Accelerometer ISA, 
shown in Fig. 20, which has been deployed for the BepiColombo Mercury observation 
mission. Although ISA currently guarantees an accuracy of 10-8 ms-2 (1 µGal), it is 
expected that this figure can be improved to reach the 10-9 ms-2 (0.1 µGal) level required 
for the Galileo accelerometer. To give an idea of how sensitive such instruments are, we 
recall that the gravity gradient at Earth surface is ~3.1 µGal per centimetre of height: 
the accelerometer would therefore be able to detect the variation in the gravity 
acceleration corresponding to a height variation of 0.3mm at the earth surface. 
Currently available CAI accelerometers have accuracies in the 1-10 µGal range. They are 
therefore not far for the needed level, although their requirements in term of size, weight 
and power are still much higher than those of the ISA spring accelerometer.  
 
Fig. 20: Italian Spring Accelerometer. 3 axes, 300x170x180mm, ~6kg, 12W Peak.  
Accuracy = 10-8 ms-2 (1 µGal) 
ESA has demonstrated its interest for CAI-based navigation, launching in 2018 a study 
with a budget of euro 450,000 to investigate CAI-based satellite navigation24. In 
particular, it pointed out that “the technology starting point could be based on cold atom 
gravity measurements” and that “this could lead to a game changer for autonomous 
navigation due to the drastically boosted accuracies of inertial-based systems”, adding 
that “it would enable user independence in challenging environments or redundancies in 
safety-critical PNT applications”, and noting that “demonstration of this innovative PNT 
concept in a field experiment has not yet been performed”. According to the ESA plan, 
the study should develop a system concept for combined space-based and quantum 
sensor navigation, identify critical technology developments for overall system and 
sensors, and demonstrate initial feasibility by means of existing prototypes. Tasks to be 
performed include a review of the state of the art and of technology trade-offs, the 
selection of sensing concept, a preliminary testbed design, a detailed design, and an 
experimental field study and analysis. To our knowledge, the results of the study have 
not yet been made publicly available.  
It should be pointed out that the current trend in the space industry points to the 
deployment of mega-constellations of low-cost satellites built using commercial off the 
shelf parts: examples of projects, proposed or ongoing, include Google Loon (~5000 
                                           
24 https://navisp.esa.int/opportunity/details/22/show.  
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stratospheric balloons), Facebook Aquila (~10,000 high altitude drones), OneWeb (1000 
satellites, now bankrupt), SpaceX Starlink (~4000 micro satellites), Amazon Kuiper 
(~3000 satellites). This suggests that there will be an increasing market available for 
low-cost solutions with small form factor. Mems-based gyroscopes are therefore expected 
to play an increasing role in the commercial satellites market in the coming years, while 
a CAI-based inertial navigation system is likely to be employed only in very special 
circumstances, most probably in the framework of demanding scientific missions.  
Indeed, space-based CAI has been considered for its scientific potentials at least since 
the early 2000s. The  HYPER  (hyper-precision cold atom interferometry in space) 
mission  was  proposed  to ESA in  response  to  a call  for  Flexible  Mission  Ideas issued 
in 1999, and an assessment report was published in 200025. In it we read that “the  
HYPER  mission  is  a  fundamental  physics  mission  addressing  gravity  phenomena  
on minuscule scale by taking advantage of the superior potential of cold atom physics. 
Matter-wave interferometers  can  reach  unprecedented  sensitivity  for  rotations  and  
accelerations  but  are severely  limited  by  the  on-ground  1g  environment.  By  
carrying  four  cold  atom  interferometers on  a  drag-free  spacecraft  in  a  low-Earth,  
Sun-synchronous  orbit,  the  HYPER  mission  opens  up new possibilities in fundamental 
physics research. The mission objectives of HYPER are threefold: (1) Testing General 
Relativity by mapping the spatial structure of the gravito-magnetic field effects of the 
Earth to precision of 3 to 5% (2) Determining the fine structure constant by measuring 
the ratio of Planck’s constant to the atomic mass one to two orders of magnitude better 
than present knowledge (3) Investigating various distinct sources of matter-wave 
decoherence as required for an upper bound of quantum gravity effects. HYPER will also 
demonstrate the performance of cold atom sensors used to control spacecraft in space, 
paving the way to a new generation of inertial sensor”. Thanks to the long interaction 
time (a few seconds) and the low spurious vibrations level guaranteed by microgravity, a 
gyroscope sensitivity of a few 10-12 rad s-1 Hz-1/2 and an accelerometer sensitivity of 
10-12 g Hz-1/2 were expected. Apart from its fundamental science objectives, the 
proponents of the HYPER mission ambitiously added that “one of the scientific objectives 
of the mission is a Cold-Atom Gyroscope Spacecraft Control”, and that "HYPER will be the 
first spacecraft which is controlled by atom interferometers acting as sensors for 
rotations and accelerations”. In the final Concurrent Design Facility (CDF) assessment 
report it is stated that “the  four  atom  interferometers  carried  by  HYPER  can  be 
combined  to  form  two  atomic  Sagnac  units  to  measure  rotations  and  
accelerations  in  two orthogonal  directions.  The  two  atomic  Sagnac  units  can  work  
in  two  different  modes  for  coarse (sensitivity  10-9  rad/s  at  1 s  integration  time)  
and  fine  sensing  (sensitivity  10-12  rad/s  at  1s integration  time)  depending  on  the  
atomic  velocity,  which  is  adjusted  by  lasers”. No follow-up initiatives explicitly 
targeting the use of cold atom gyroscopes for navigation are known to have been taken 
by ESA after the publication of the CDF study on HYPER.  
A more recent overview of the scientific projects ESA is carrying on with CAI is shown in 
Fig. 21 and Fig. 2226. Navigation is being targeted only by a small project (NAVISP PNT, 
with a budget of euro 2-500,000 27). We read in the project web page that “the main 
objective of the proposed activity is to demonstrate the potential of quantum effects, in 
particular (i) Develop a system concept for combined space-based and quantum sensor 
navigation (ii) Identify critical technology developments for overall system and sensors, 
and (iii) Demonstrate initial feasibility of the concept in the field by means of existing 
prototypes”. No attempt to give a time frame for actual deployment of CAI gyroscope for 
satellite navigation is made in the ESA NAVISP “Quantum-based sensing for PNT” project. 
                                           
25  https://esamultimedia.esa.int/docs/HYPER_Report.pdf; See also “Laser, clocks and drag-free control, 
Exploration of relativistic gravity in space”, by Hansjorg Dittus, Claus Lammerzahl, and Slava Turyshev, 
Springer, 2008 
 
26 “Cold Atom Interferometers for Future Inertial Sensors and Gradiometers”, O. Carraz, Alpbach Summer 
School presentation, 2019; https://www.summerschoolalpbach.at/docs/2019/lectures/Carraz_QT_ESA.pdf 
 
27 https://navisp.esa.int/opportunity/details/22/show 
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Space applications of CAI-based sensors are still considered mostly in the framework of 
scientific missions aimed at testing fundamental physics theories. Support for the 
development of enabling technologies figures prominently in the roadmap, and even for 
the most advanced application (i.e. gravity gradiometry) a TRL of 6 (i.e. 
system/subsystem model or prototype demonstration in a relevant environment) is still 
at least 5 years away. 
 
Fig. 21: A list of potential ESA missions relying on CAI. 
  
 
Fig. 22: ESA technology roadmap for CAI. 
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Smaller-scale projects, such as those involving nanosatellites, are also covered by ESA. 
In Fig. 23 we show how an essential part of an atomic interferometer, namely the 
magneto-optical trap used to generate a flux of cold atoms, is being integrated for 
testing in a 6U nanosatellite28. Projects involving satellites of such small dimensions are 
usually considered more as technology validation steps than full-fledged scientific 
missions. The possible use of CAI sensors for satellite-based gravimetric missions will be 
covered in detail in a forthcoming report. 
  
      
Fig. 23: A cold-atom source in a 6U CubeSat, Caspa project by Teledyne e2v. 
Some key technological components for CAI have already been deployed and tested in 
space. For example, a cold atom clock has been tested for 15 months (2017-2018) in the 
Chinese space station Tiangong-2, see Fig. 24. 
 
 
Fig. 24: A pictorial layout of the cold atom clock tested in the Tiangong-2 space station29. 
                                           
28 “Development of an innovative payload experiment controller to be trialled on the Caspa cubesat”, 
http://www.xcam.co.uk/sites/default/files/MKCO-XCAM-MS-00011.pdf 
https://www.teledyne-e2v.com/products/quantum-technology/our-key-projects/caspa/ 
 
29 “In-orbit operation of an atomic clock based on laser-cooled 87Rb atoms”, Liang Liu, De-Sheng Lü, […], and 
Yu-Zhu Wang, Nature Communications, Vol. 9, N. 2760, 2018; https://www.nature.com/articles/s41467-018-
05219-z; “Tests of Cold Atom Clock in Orbit”, https://arxiv.org/ftp/arxiv/papers/1709/1709.03256.pdf 
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The last frontier for atomic interferometry in space is the use of Bose Einstein 
Condensates (BECs). A BEC is an ultra-cold state of matter in which atoms cooled to tens 
of nano Kelvins (1nK = 10-9 K) collapse to the same lowest-energy quantum state, so 
that quantum phenomena such as wave-function interference become macroscopically 
apparent. Atomic interferometry with BECs has the potential for even higher sensitivity 
that the one performed with µK-cooled atoms. In space, microgravity allows removing 
the asymmetric gravity tilt and enables a more efficient confinement, so that BECs with 
temperatures below the nano-Kelvin range (i.e. ~0.110-9K) can be generated; in 
addition, the absence of gravity pull on the atoms allows longer measurement time. The 
combination of these two advantages guarantees the sensitivity level necessary to 
perform high precision fundamental physics experiments, e.g. investigations on dark 
energy, test of Einstein’s equivalent principle, detection of gravity-waves.  
We here mention two notable demonstrations of BEC generation in space, to be intended 
as pathfinder missions to show the technical feasibility of space-borne BEC 
interferometry. Interferometry with space-borne Bose–Einstein Condensates has been 
demonstrated on a sounding rocket by the MAIUS experiment, using an atomic chip to 
achieve Bose-Einstein condensation and observing interference patterns, see Fig. 25.  
 
Fig. 25: The MAIUS experiment30. The sounding rocket, the vacuum system containing the BEC chip, and an 
interferometric pattern generated in microgravity.    
Dual-atom BEC on a chip has also been demonstrated in the framework of the NASA JPL 
project Cold Atom Laboratory (CAL)31, which has been deployed at the cost of ~$70 
million on the ISS, mostly using commercial off the shelf components, see Fig. 26. 
After the deployment of the NASA Cold Atom Laboratory to the International Space 
Station (ISS), advanced plans are in place for a DLR/NASA follow-on mission named 
Bose-Einstein Condensate and Cold Atom Laboratory (BECCAL), which builds on the 
heritage of previous devices operated in microgravity. BECCAL features rubidium and 
potassium, multiple options for magnetic and optical trapping, different methods for 
coherent manipulation, and will offer new perspectives for experiments on quantum 
                                           
30 “Space-borne Bose–Einstein condensation for precision interferometry”, Dennis Becker, Maike D. Lachmann, 
[…] and Ernst M. Rasel, Nature, Vol. 562, 391–395, 2018;  
https://www.nature.com/articles/s41586-018-0605-1;  
https://arxiv.org/abs/1806.06679 
 
31 “NASA’s Cold Atom Lab (CAL): system development and ground test status”, Ethan R. Elliott, Markus C. 
Krutzik, Jason R. Williams, Robert J. Thompson & David C. Aveline, npj Microgravity, Vol. 4, N. 16, 2018 
https://www.nature.com/articles/s41526-018-0049-9;  
https://coldatomlab.jpl.nasa.gov/ 
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optics, atom optics, and atom interferometry in the microgravity environment on board 
the International Space Station32. 
              
Fig. 26: The NASA JPL Cold Atom Laboratory. In the Figures we show the ColdQuanta chip, a scheme of the 
physical package, and the deployment in the ISS.  
In June 2020 the production of a rubidium Bose–Einstein condensate was reported by the 
ISS CAL laboratory33. Sub-nano-kelvin BECs in weak trapping potentials were observed 
with free-expansion times extending beyond one second. Such results provide an initial 
demonstration of the advantages offered by a microgravity environment for cold-atom 
experiments. According to the involved researchers, routine BEC production will support 
long-term investigations of trap topologies unique to microgravity, atom-laser sources, 
few-body physics, and pathfinding techniques for atom-wave interferometry 
 
                                           
32 “The Bose-Einstein Condensate and Cold Atom Laboratory”, Kai Frye et al., preprint 2019 
https://arxiv.org/pdf/1912.04849.pdf 
https://www.dlr.de/si/en/desktopdefault.aspx/tabid-13394/23367_read-54012/ 
33 Observation of Bose–Einstein condensates in an Earth-orbiting research lab,    D. C. Aveline et al., Nature, 
Vol. 582, 193–19, 2020, https://www.nature.com/articles/s41586-020-2346-1 
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6 Defence applications 
All inertial sensor technologies are currently employed in defence applications34. The 
highest performance mechanical gyroscopes and ring lasers gyros are widely used in 
marine navigation and for strategic missiles. Interferometric fibre-optic gyros and 
dynamically-tuned gyros are typically employed in cruise missiles, while mems-based 
systems dominate in tactical missiles, smart munitions and robotics, see Fig. 27. 
Hemispherical Resonator Gyros (which in the figure are not explicitly mentioned, and fall 
under the “mechanical” label) are also widely used in defence. High-performance 
mechanical accelerometers are used in strategic missiles and maritime navigation, while 
quartz and mems-based systems are employed in land and air navigation, and in cruise 
and tactical missiles, see Fig. 28.  
 
Fig. 27: Technology breakdown and military applications of high-end gyroscopes. Dry Tuned Gyro is more 
commonly known as Dynamically Tuned Gyro. 
 
Fig. 28: Technology breakdown and military applications of high-end accelerometers.  
                                           
34 “Navigation sensors and systems in GNSS degraded and denied environments”, George T. Schmidt, Chinese 
Journal of Aeronautics, Vol. 28, 1-10, 2015  
https://reader.elsevier.com/reader/sd/pii/S1000936114002003?token=262B2A4A67BC3D12ED624749EDD965
931A1C4986EA4AFAA2CF9B84CE3144054BE8687F045B7355E6B002DC28B43640F2 
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The development of CAI-based inertial sensors is targeted by the DARPA PNT (Positioning 
Navigation and Timing) programme, which has the final aim of ensuring unaided 
navigation and timing error of 20m and 1 microsecond at 1 hour35. At present, the 
stability required for such performances can be met only in an unmoving laboratory, with 
unlimited power, for about $1M, while commercially available high-end navigation 
systems can be divided into:  
 Marine grade, used for ships, submarines, and spacecraft, which cost ~$1 million and 
have a drift of 1.8km/day. 
 Navigation grade, used for airliners and military aircraft, which cost ~$100.000 and 
have a drift of 1.5 km/hour.  
The DARPA PNT programme will cover both accelerometer and gyroscopes, and the 
envisaged actions are described in Fig. 29 and Fig. 30 respectively. On the x axis is 
represented the CSWaP (cost, size, weight, and power) parameter of a given technology, 
while on the y axis is shown in how much time a circle of equal probability (CEP) of 10 
meters will be reached: the higher this time, the more precise the navigation system. 
Comparing the various technologies, it becomes apparent that CAI has the higher 
demands in terms of CSWaP, but also the best performance. 
The HiDRA programme is aimed at reducing the CSWaP value of atomic inertial sensors 
without compromising their performance, while C-SCAN (Chip-scale combinatorial atomic 
navigation) has the final aim of reaching a final goal of an atomic chip of 10 mm3, 2g, 1W 
(DARPA micro-PNT). Support for enabling technologies for Cold Atom Microsystems is 
prominent in these programmes, and lasers, optical isolators, shutters, vacuum cells, 
alkali vapour pressure control, frequency control systems are explicitly targeted. Among 
the entities which have already received funding we have AOSense, ColdQuanta, Sandia, 
Draper Laboratories, and Honeywell. 
 
Fig. 29: DARPA PNT programme for accelerometers. 
                                           
35 “Micro-Technology for Positioning, Navigation, and Timing Towards PNT Everywhere and Always”, 
presentation given by Robert Lutwak, Stanford PNT Symposium, 2014, 
https://www.gps.gov/governance/advisory/meetings/2014-12/lutwak.pdf; 
See also the proceedings from the 2014 International Symposium on Inertial Sensors and Systems (ISISS) 
https://ieeexplore.ieee.org/document/6782498 
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Fig. 30: DARPA PNT programme for gyroscopes. Note that the figure distinguishes between ordinary mechanical 
gyros and those using sonic frequencies, such as HRG’s. 
The rationale of Darpa programmes on atomic chips for PNT is based on several design 
studies, which show the potential of chip-scale atomic interferometry for inertial sensors. 
For example, it has been calculated that a circular magnetic guide would allow realizing 
an atomic Sagnac gyroscope where ~104 cold atoms are interrogated for several 
seconds, either in a single round on a 6mm-radius guide or in 10 rounds over a 600 
micron radius guide. The predicted sensitivity is 3.4×10-8 rads-1 Hz-1/2 and the angular 
random walk 1.1×10-4 deg h-1/2 after 1hr integration, in line with the performances of 
currently available strategic-grade gyroscopes36.  
In addition to CAI-based inertial sensors, DARPA is supporting the development of 
gyroscopes based on nuclear magnetic resonance: a NMR chip-scale gyro has been 
realized by Northrop Grumman, with DARPA funding, see Fig. 31, and a miniaturized 
NMR mems gyro is being developed by the University of California at Irvine, see Fig. 32. 
We here mention that also an EU-funded project is advancing the development of nuclear 
magnetic resonance gyroscopes, addressing in particular the fabrication of a mems-based 
atomic vapour cell37. 
Presently, mechanical systems are still used for extremely demanding military 
applications. For example, the inertial navigation systems used in the U.S. Minuteman III 
nuclear intercontinental ballistic missile is based on a gyro-stabilized platform in a gimbal 
configuration, with two gyros supported on gas bearings, see Fig. 33. The platform 
carries three Pendulous Integrating Gyroscopic Accelerometers to measure missile 
acceleration along each of its three axes, and each accelerometer contains a gyroscopic 
pendulous mass which is floated in liquid to minimize bearing load and friction38. 
                                           
36 Compact chip-scale guided cold atom gyrometers for inertial navigation: Enabling technologies and design 
study, AVS Quantum Sci. 1, 014702 (2019) 
 
37 https://www.macqsimal.eu/macqsimal/miniature-atomic-gyroscopes/ 
 
38 https://minutemanmissile.com/missileguidancesystem.html 
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Fig. 31: Compact glass vapour cell and compact NMR gyroscope physics package with a total volume of 1cm3, 
angle-random walk 0.005 deg/h, bias instability 0.02 deg/h, scale factor stability ~4 ppm39;  
 
Fig. 32: Implementation of a NMR gyroscope using a folded MEMS design40. 
 
Fig. 33: The gyro-stabilized platform with the Pendulous Integrating Gyroscopic Accelerometers (PIGAs) which 
constitute the sensing unit of a Minuteman III nuclear ICBM.  
                                           
39 Walker and Larsen, Advances in Atomic, Molecular, and Optical Physics, Elsevier, 2016 
 
40 “A status on components development for folded micro NMR gyro”, Radwan Mohammednoor, Venu Gundeti, 
A.M. Shkel, 2017 IEEE International Symposium on Inertial Sensors and Systems, 2017 
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The U.S. arsenal of intercontinental ballistic missile and submarine-launched strategic 
missiles relies on variants of the pendulous integrating gyro accelerometer (PIGA) to 
meet the high-performance requirements of the weapon system. The PIGA is a 
mechanical sensor with a gyro mounted on a pendulum, originally developed in WWII.  
Likewise, precision navigation systems, such as the currently deployed sub-surface 
ballistic nuclear ship inertial navigation systems, employ highly specialized and complex 
electromechanical instruments that, like the PIGA, present relevant system life-cycle cost 
and maintenance challenge. The PIGA has still unsurpassed performance, but its life-
cycle cost has motivated a search for a high performance, solid-state, strategic 
accelerometer. Starting from the 2000s, Draper Laboratory developed the Silicon 
Oscillating Accelerometer (SOA), a MEMS-based accelerometer with scale factor and bias 
stability performances required of precision guidance navigation applications, see Fig. 34. 
In Fig. 35 are shown two examples of weapons using Inertial Measurement Units based 
on mems inertial sensors: the current rate of performance improvement in mems-based 
sensors suggests they will be the system of choice for near-future defence applications. 
 
Fig. 34: Draper labs MEMS Silicon Oscillating Accelerometer. SF ~1-10 ppm, Bias ~1-10 µg41 
         
Fig. 35: Lockheed Martin Hellfire P+ missiles and Iron Dome mobile short-range missiles defence system by 
Rafael make use of Honeywell HG1930 Mems IMU. 
With regards to the development of quantum-based inertial sensors for defence 
applications in China, it is difficult to assess the reliability of available information, 
especially for somebody lacking the capability to read and understand Mandarin. The 
most we can do is report verbatim some content from the most researched analysis we 
found42, warning the reader that the authors themselves acknowledge that “it is difficult 
to evaluate with precision the maturity of these research and development activities. 
Potentially, certain claims and high-profile reporting on Chinese advances in these 
technologies in quasi-official media could have been intended to misdirect or 
exaggerate”. It should also be taken into account that the report itself comes from an 
USA think-tank dealing with national security issues, which according to their website 
“develops strong, pragmatic, and principled national security and defense policies”.  
                                           
41 Future Inertial Systems Technology, Presented at NDIA 47th Annual Targets, UAVS & Range Operations 
Symposium & Exhibition; October 21-23, 2009, Savannah, GA, Anthony Kourepenis, Ralph Hopkins 
 
42 “QUANTUM HEGEMONY? China’s Ambitions and the Challenge to U.S. Innovation Leadership”, by Elsa B. 
Kania and John K. Costello, Center for a new American security, September 2018;  
https://www.cnas.org/publications/reports/quantum-hegemony 
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Given these caveats, in the section dealing with sensing for inertial navigation we read 
that “within the China Shipbuilding Industry Corporation (CSIC), several research 
institutes have specialized in quantum technologies, including the 724th in quantum 
detection (量子探测), and the 717th in quantum navigation. In November 2017, CSIC and 
USTC also signed an agreement to establish three joint laboratories focusing on the 
development of quantum navigation, quantum communications, and quantum detection, 
which will reach receive approximately 100 million RMB ($14.49 million) in investment.” 
Later on it is stated that “the reported breakthroughs of the CSIC 717th Research 
Institute in quantum inertial navigation are seen as of great significance to improving 
future precision strike capabilities. Within the next three to five years, the CSIC seeks to 
achieve advances in interferometric atomic gyroscopes/atomic accelerometers, quantum 
gravity gradiometers, quantum time references, and atomic spin gyroscopes. In addition, 
under the China Aerospace Science and Industry Corporation, the Third Academy’s 33rd 
Research Institute has been involved in the development of a nuclear magnetic 
resonance gyroscope prototype based on quantum technology that could be used in 
inertial navigation. Similarly, the Beijing Automation and Equipment Control Research 
Institute (北京自动化控制设备研究所) reportedly achieved a breakthrough in quantum 
navigation though a project that developed a magnetic resonance spin gyroscope in 
2016. Beihang University also is recognized as a leader in quantum inertial navigation 
and precision measurement, and it will support the establishment of the National Defense 
Key Laboratory of Inertial Technologies (惯性技术”国防重点实验室) and the National 
Defense Key Academic and Laboratory of New-Type Inertial Instrument and Navigation 
System Technologies (新型惯性仪表与导航系统技术”国防重点学科实验室)”. 
We end this section by noting that the role of CAI inertial sensors in future technologies 
for defence is not yet to be taken for granted. To give an example of an authoritative 
voice, the French defence conglomerate Safran has developed a family of HRG to target 
not only space and defence applications but also commercial marine market, commercial 
airliner, and even portable applications such as handheld infrared binoculars. In a recent 
paper, they state that “HRG is a technology not only able to replace RLG and FOG but 
also to replace ESG (electrically suspend gyro) as well as the promising Cold Atom 
technology for ultimate performances level”. They therefore envision that only MEMS and 
HRG will soon figure in the gyroscopes technology landscape, see Fig. 36. 
 
Fig. 36: The future technology landscape for gyroscopes, according to Safran43.  
                                           
43 “HRG by SAFRAN – The game-changing technology”, 2018 IEEE International Symposium on Inertial Sensors 
and Systems, 2018; https://ieeexplore.ieee.org/document/8358163 
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7 Export controls 
Depending on their performances, inertial sensors and inertial measurement systems are 
considered dual-use goods, and their export is subject to export control under the 
international Wassenaar Arrangement. An export certificate has to be granted by the 
competent national authorities (e.g. in Germany the German Federal Office for Export 
BAFA) for inertial measurement components and systems covering specific performance 
ranges. If the exporter is in the EU, the license is required only if the buyer or/and the 
final end user are operating the goods outside of the European Union. The European 
Union is responsible for legislation concerning export controls of dual-use items, and the 
EU controls are enshrined in the dual-use Regulation 428/2009. With Council Regulation 
1232/2011, the EU has introduced six European Union General Export Authorisations 
(EUGEAs), numbered from EU001 to EU006. If the buyer or/and end user of dual-use 
goods is located inside the countries covered by the EU001 regulations (Switzerland, 
USA, Canada, Australia, New Zealand, Japan, Norway), a simplified export control 
procedure is applicable. The European Institute for Export Compliance (EIFEC) has the 
mission to foster international security through managing and promoting the EU export 
compliance framework, see http://www.exportcompliance.eu/index.php/en/. 
To give an idea of the technical specifications of inertial sensors covered by the 
Wassenaar Arrangement, we report here an excerpt of the relative dual-use list. Inertial 
sensors are mentioned in category 7, which covers navigation and avionics. 
 
WASSENAAR DUAL-USE LIST - CATEGORY 7 – NAVIGATION AND AVIONICS 
A. SYSTEMS, EQUIPMENT AND COMPONENTS 
 
7.A.1. Accelerometers as follows and specially designed components therefor: 
7.A.1.a. Linear accelerometers having any of the following:  
1. Specified to function at linear acceleration levels less than or equal to 15 g and 
having any of the following:  
a. A "bias stability" of less (better) than 130 micro g with respect to a fixed 
calibration value over a period of one year; or  
b. A "scale factor stability" of less (better) than 130 ppm with respect to a 
fixed calibration value over a period of one year;  
2. Specified to function at linear acceleration levels exceeding 15 g but less than or 
equal to 100 g and having all of the following:  
a. A "bias repeatability" of less (better) than 1,250 micro g over a period of 
one year; and  
b. A "scale factor repeatability" of less (better) than 1,250 ppm over a 
period of one year; or  
3. Designed for use in inertial navigation or guidance systems and specified to 
function at linear acceleration levels exceeding 100 g; 
7.A.1.b. Angular or rotational accelerometers, specified to function at linear acceleration 
levels exceeding 100 g.  
 
7.A.2. Gyros or angular rate sensors, having any of the following and specially designed 
components therefor: 
7.A.2.a. Specified to function at linear acceleration levels less than or equal to 100 g and 
having any of the following:  
7.A.2.a.1. An angular rate range of less than 500 degrees per second and having 
any of the following:  
a. A "bias stability" of less (better) than 0.5 degree per hour, when 
measured in a 1 g environment over a period of one month, and with 
respect to a fixed calibration value; or  
b. An "angle random walk" of less (better) than or equal to 0.0035 degree 
per square root hour; or  
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7.A.2.a.2. An angular rate range greater than or equal to 500 degrees per second 
and having any of the following:  
a. A "bias stability" of less (better) than 4 degrees per hour, when 
measured in a 1 g environment over a period of three minutes, and with 
respect to a fixed calibration value; or  
b. An "angle random walk" of less (better) than or equal to 0.1 degree per 
square root hour; or  
7.A.2.b. Specified to function at linear acceleration levels exceeding 100 g.  
 
7.A.3. Inertial measurement equipment or systems, having any of the following:  
7.A.3.a. Designed for "aircraft", land vehicles or vessels, providing position without the use 
of 'positional aiding references', and having any of the following "accuracies" subsequent to 
normal alignment:  
1. 0.8 nautical miles per hour (nm/hr) "Circular Error Probable" ("CEP ") rate or 
less (better);  
2. 0.5% distanced travelled "CEP" or less (better); or  
3. Total drift of 1 nautical mile "CEP" or less (better) in a 24 hr period;  
7.A.3.b. Designed for "aircraft", land vehicles or vessels, with an embedded 'positional 
aiding reference' and providing position after loss of all 'positional aiding references' for a 
period of up to 4 minutes, having an "accuracy" of less (better) than 10 meters "CEP";  
7.A.3.c. Designed for "aircraft", land vehicles or vessels, providing heading or True North 
determination and having any of the following:  
1. A maximum operating angular rate less (lower) than 500 deg/s and a heading 
"accuracy" without the use of 'positional aiding references' equal to or less (better) 
than 0.07 deg sec(Lat) (equivalent to 6 arc minutes rms at 45 degrees latitude); or  
2. A maximum operating angular rate equal to or greater (higher) than 500 deg/s 
and a heading "accuracy" without the use of 'positional aiding references' equal to 
or less (better) than 0.2 deg sec(Lat) (equivalent to 17 arc minutes rms at 45 
degrees latitude); 
7.A.3.d. Providing acceleration measurements or angular rate measurements, in more than 
one dimension, and having any of the following:  
1. Performance specified by 7.A.1. or 7.A.2. along any axis, without the use of any 
aiding references; or  
2. Being "space-qualified" and providing angular rate measurements having an 
"angle random walk" along any axis of less (better) than or equal to 0.1 degree per 
square root hour.  
 
Let us briefly comment on the rationale for these limitations, taking the example of 
gyroscopes. The thresholds introduced in points (a) and (b) of 7.A.2.a.1 are clearly 
intended for long term navigation where the signal to be measured has a limited 
dynamical range (e.g. warships, submarines), while the corresponding limitations in 
7.A.2.a.2 will cover short term navigation with more demanding dynamical range 
requirements (e.g. missiles). In addition, point 7.A.2.b stipulates that any device which 
could survive accelerations larger than 100g is to be considered dual-use. Fast-forward 
looking into the future, we could envisage that CAI gyroscopes will be covered by 
7.A.2.a.1, but not by 7.A.2.a.2 because of their limited dynamical range (unless 
hybridized with other devices), and not by 7.A.2.b because they are not likely to survive 
large accelerations (unless deployed in the form of ruggedized chip-scale devices).  
It must be pointed out that export restrictions additional to the ones specified by the 
Wassenaar Arrangement may be applied by national regulators, such as for example in 
France the Direction Générale de l'Armement (DGA, Ministère des Armées) and in the 
USA via the so-called International Traffic in Arms Regulations (ITAR), which implement 
the provisions of the Arms Export Control Act (AECA). 
The Department of State (DoS) Directorate of Defense Trade Controls (DDTC) interprets 
and enforces ITAR, while the related Export Administration Regulations are enforced and 
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interpreted by the Bureau of Industry and Security (BIS) in the Department of Commerce 
(DoC). We note that both the DoS and the DoC have introduced additional limitations 
with respect to the ones defined in the Wassenaar Arrangement. Let’s take the example 
of gyroscopes: here the Wassenaar list introduces two thresholds, namely  
7.A.2.a.1.a. A bias stability of less than 0.5 degree per hour, when measured in a 1-g environment 
over a period of one month [if the angular rate range is less than 500 degrees per second] 
7.A.2.a.2.a. A bias stability of less than 4 degrees per hour, when measured in a 1-g environment 
over a period of three minutes [if the angular rate range is larger than 500 degrees per second]  
In the US an export license must be issued by the DoS DDTC for gyros with a bias 
stability better than 1.5 °/hr, while gyros with bias stability better that 15 °/hr must 
obtain an export license from the DoC BIS: we have therefore two additional thresholds 
with respect to the 0.5 °/hr and 4 °/hr of the Wassenaar list. Table 3 gives some 
examples of the bias stability and the cost of gyroscopes used in IMU which are subjected 
to export restrictions by the US government. 
 
Table 3: RLG, FOG, and mems-based instrument appear in the Table. These devices are used in long-term 
marine navigation.  
A navigation system widely used in US warships is the AN/WSN-7 by Northrop Grumman 
Sperry Marine, based on ring laser gyroscopes and capable of an accuracy of one nautical 
mile deviation over 24 hours. Navy officials are trying to extend the life of the aging 
WSN-7 as long as possible, and Honeywell is in particular working on the ring laser gyros 
with a contract of ~40M$. It is to be noted that the French iXBlue MARINS Fiber Optic 
Gyroscope (FOG) Inertial Navigation System (INS) has been selected by the US Navy 44 
for test and evaluation under the Foreign Comparability Testing Program, with the 
objective to determine the availability of commercial inertial navigation sensors that 
would fill capability gaps in the performance of the existing ones. According to the Navy 
“the existing WSN-7/7A inertial navigators aboard Navy ships have exhibited, 
exacerbated by material ageing processes, excessive high frequency attitude, velocity 
and position errors, which have required workarounds by shipboard consumers of the 
                                           
44 “Navy Testing of the iXBlue MARINS Fiber Optic Gyroscope (FOG) Inertial Navigation System (INS)”, Kevin 
Carr, Robert Greer, Scott Gift, IEEE/ION Symposium on Position, Location and Navigation, 2014 
https://ieeexplore.ieee.org/document/6851515 
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INS information”. The MARINS represents iXBlue’s high end product designed specifically 
for military and commercial maritime applications. Its gyroscopes, which are the major 
sensors for maritime applications, are iXBlue’s premier gyroscopes, consisting of 3 
kilometer of coil wound on a 180 mm diameter core. The claims for gyroscope bias 
instability and scale factor instability are 0.0005 deg/hour and 10 ppm, respectively, 
while the overall navigation performances are shown in Table 4. 
 
Table 4: iXBlue MARINS navigation performances45. Three versions with increasing performance are available, 
labelled M3, M5 and M7. 
According to a USA manufacturer of inertial sensors (Zupt LLC) “the fastest way to go to 
jail (without passing go) will be to flaunt the export controls associated with this 
technology”. Indeed, in 2011 Kevin Zhang (aka Zhao Wei Zhang) has been charged with 
one count of conspiracy to export G-2000 dynamically tuned gyroscopes from the US to 
China without approval from the Department of State46. The Northrop Grumman G-2000 
is a commercially available dual-use good, see Fig. 37. 
 
       
Fig. 37: The Northrop Grumman G-2000 dual-use gyroscope47. 
                                           
45 https://www.ixblue.com/products/marins-series 
https://www.ixblue.com/sites/default/files/2019-01/marins-series_2018-08.pdf 
 
46 “Trade Secret Theft, Industrial Espionage, and the China Threat”, Carl Roper, CRC Press, 2013 
 
47 https://news.northropgrumman.com/news/releases/photo-release-northrop-grumman-builds-50-000th-
tactical-gyroscope 
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8 Conclusions  
Inertial sensors based on Cold Atom Interferometry have the potential for high sensitivity 
and long term stability, but complex technologies are required to exploit the underlying 
working principles. Presently, CAI-based accelerometers and gyroscopes can be classed 
as being at stage 4 of the technology readiness level (TRL) scale, meaning that medium-
scale prototypes have been validated in laboratories, but not yet in a relevant 
environment. The development of a compact six-axis inertial measurement unit, that is a 
sensor able to measure with high enough frequency all the necessary acceleration and 
angular rate components, constitutes an essential step yet to be achieved for CAI-
enabled inertial navigation.  
Chip-scale atomic interferometry for inertial sensing is also an active field of research, 
where a TRL of 3 (experimental proof of principle) has been reached. Several of the 
building blocks necessary for a matter-wave inertial sensor on a chip have been realized, 
but chip-scale accelerometers or gyroscopes based on CAI and capable of reliably 
executing measurements with the sensitivity required for field applications have not yet 
been demonstrated. Several years of development, and exquisite microfabrication 
capabilities, are probably necessary for the deployment of a fully integrated small-scale 
inertial sensor based on a CAI chip: the success story of the chip scale atomic clock is 
however an encouraging precedent. 
It should not be forgotten that in the meanwhile continuous progress is being made in 
well-established devices leveraging different working principles, and that several 
competing technologies are steadily advancing towards maturity. CAI inertial sensors 
therefore face formidable contenders, most of them much less demanding in terms of 
cost, size, weight, and power. The adoption of a CAI-based solution for a particular 
application is therefore subordinated to undisputable performance superiority and is likely 
to remain confined, at least at the beginning, to a very limited range of use-cases 
requiring absolute measurements with high sensitivity and stability levels. Given that the 
absence of gravity allows for an increase of the measurement time which enables 
extraordinary sensitivity, technology assessments in space are already taking place, in 
view of possible scientific missions. It is however to be noted that for such applications 
the use of Bose Einstein Condensates (requiring ultra-cold atoms at temperatures of 10-9 
Kelvin level or even lower) is typically envisioned. The necessary technologies are less 
developed and even more demanding than the ones usually employed for the CAI inertial 
sensing applications which constitute the main topic of this report, where atoms are 
usually cooled at the 10-6 Kelvin level.     
CAI-based inertial sensors are already used in laboratories or in controlled environments 
as very precise measurement instruments, to address fundamental physics questions or 
metrological problems. Transportable gravimeters and gravity gradiometers are also 
starting to become commercially available, to be used for in-field geophysics applications 
and gravity surveys. However, the development of CAI-based gyroscopes and 
accelerometers for high-end autonomous navigation requires fast, robust, compact and 
autonomous six-axis devices. The path towards a portable CAI-based inertial sensor 
which can actually be employed for autonomous navigation requires negotiating several 
trade-offs and overcoming a number of technological challenges, which are likely to call 
for several years of sustained efforts. It is widely acknowledged that a distinctive 
property of CAI-based inertial sensor is the absence of drift, which is embedded in their 
working principle. However, to take effective advantage from this property, reliable and 
robust technologies able to support long term autonomous operation in harsh 
environments must be developed and implemented. Hybrid solutions are presently being 
explored, with CAI systems providing plug-in calibration to fast and sensitive 
accelerometer and gyroscopes based on other working principles. 
Since the expected timeframe needed for the technological evolution of CAI-based 
inertial sensing to yield fruits applicable to autonomous navigation is likely to be longer 
than ten years, long-term policies must be devised and implemented to ensure the 
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necessary support. Such policies should foster fundamental and applied physics research, 
enabling technologies, development of prototypes and early adoption. Studies must also 
be funded to explore the actual advantages of CAI-based inertial sensors in different 
applications areas.  
Although most of the policy action is by now likely to remain limited to fostering 
technology development, the time is coming to devise some concrete steps to help the 
possible adoption of CAI-based inertial sensors in the EU space and defence programs. 
The first quantum sensors based on cold atom interferometry which are now reaching a 
level of technological maturity high enough to enable field applications are gravimeters 
and gravity gradiometers; however, also hybrid accelerometers can find some niche 
applications early on. The successful utilization of such sensors, on Earth or in space, will 
constitute an important catalyst for the development of the underlying enabling 
technologies, and will represent a significant stepping stone towards the development of 
the more complex systems necessary for inertial navigation. Transportable CAI 
gravimeters have already demonstrated their utility in gravity mapping, including from 
ships and from planes: apart from its scientific interest, such application is of relevant 
military relevance, since it constitutes a prerequisite for inertial navigation. CAI-based 
inertial sensors are also being deployed in space, to be used for measurements intended 
to test fundamental physical models. Such scientific applications can act as driving forces 
for technology maturation, and provide demonstrations for a wider community of early 
users. Due to their favourable noise properties, hybrid CAI/electrostatic accelerometers 
are already being developed and could be used in scientific missions to measure e.g. the 
atmospheric drag acting on low-orbit satellites, such as the ones employed for gravity 
field observation missions. It can therefore be argued that there are some particular 
applications where CAI-based inertial sensors can start proving themselves in a shorter 
timeframe than the decade(s) necessary to reach the full-fledged maturity necessary for 
inertial navigation. The European Commission is therefore called not only to undertake a 
long-term technology development commitment, but to start a more concrete 
engagement in view of possible early-on applications. 
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List of abbreviations and definitions  
AECA:  Arms Export Control Act (USA) 
AOCS:  Attitude and Orbit Control System  
ARS:   Angular Rate Sensor 
BAFA:  Bundesamt fuer Wirtschaft und Ausfuhrkontrolle (Federal Office of 
Economics and Export Control, Germany)  
BEC:   Bose-Einstein Condensate  
BECCAL:  Bose-Einstein Condensate and Cold Atom Laboratory (NASA & DLR)  
BIS:   Bureau of Industry and Security (USA)  
CAI:   Cold Atom Interferometry 
CAL:   Cold Atom Laboratory (NASA) 
CDF:   Concurrent Design Facility (ESA) 
CEP:   Circle of Equal Probability  
C-SCAN:  Chip-scale Combinatorial Atomic Navigation (DARPA) 
CSIC:   China Shipbuilding Industry Corporation  
CSWaP:  Cost, Size, Weight, and Power 
DARPA:  Defense Advanced Research Projects Agency (USA) 
DGA:   Direction Générale de l'Armement (Ministère des Armées, France)  
DoC:   Department of Commerce (USA) 
DDTC:  Directorate of Defense Trade Controls (USA)  
DoS:   Department of State (USA) 
DRL:   Deutsches Zentrum für Luft und Raumfahrt (German Space Agency) 
DTG:   Dynamically Tuned Gyroscope 
EAR:   Export Administration Regulations (EU) 
EIFEC:  European Institute for Export Compliance (EU)  
ESG:   Electric Suspension Gyroscope 
EUGEAs:  European Union General Export Authorisations (EU) 
GNSS:  Global Navigation Satellite System 
HRG:   Hemispherical Resonator Gyroscope 
HYPER:  Hyper-Precision cold atom interferometry in space (ESA) 
(I)FOG:  (Interferometric) Fibre Optical Gyroscope 
IMU:   Inertial Measurement Unit 
INS:   Inertial Navigation System   
ISA:   Italian Spring Accelerometer  
ITAR:   International Traffic in Arms Regulations (USA) 
MEMS:  Micro Electro Mechanical Systems 
NSFC:  National Science Foundation of China 
NASA:  National Aeronautics and Space Administration (USA) 
NMR:   Nuclear Magnetic Resonance 
NMRG:  Nuclear Magnetic Resonance Gyroscope 
PIGA:   Pendulus Integrating Gyroscopic Accelerometer 
PNT:   Positioning Navigation and Timing 
RLG:   Ring Laser Gyroscope 
SOA:  Silicon Oscillating Accelerometer  
USTC:  University of Science and Technology of China 
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GETTING IN TOUCH WITH THE EU 
In person 
All over the European Union there are hundreds of Europe Direct information centres. You can find the 
address of the centre nearest you at: https://europa.eu/european-union/contact_en 
On the phone or by email 
Europe Direct is a service that answers your questions about the European Union. You can contact this 
service: 
- by freephone: 00 800 6 7 8 9 10 11 (certain operators may charge for these calls), 
- at the following standard number: +32 22999696, or 
- by electronic mail via: https://europa.eu/european-union/contact_en 
FINDING INFORMATION ABOUT THE EU 
Online 
Information about the European Union in all the official languages of the EU is available on the Europa 
website at: https://europa.eu/european-union/index_en 
EU publications 
You can download or order free and priced EU publications from EU Bookshop at: 
https://publications.europa.eu/en/publications. Multiple copies of free publications may be obtained by 
contacting Europe Direct or your local information centre (see https://europa.eu/european-
union/contact_en). 
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